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This paper reports the results of an investigation conducted to 
establish the effect of structure on the consolidation characteristics 
of a clay soil. Soil structure was caused to form in the soil by the 
addition of electrolytes to flocculate and disperse the clay fraction 
of the soil. 
Consolidation tests were performed on specimens of the treated 
soil prepared at moisture contents well above the liquid limit of the 
soil. The consolidation data from these tests are evaluated and 
comparisons are made to relate the influence of structure to the 
consolidation characteristics of the treated soil. 
The influence of structure on the consolidation characteristics 
of cohesive soil is found to be significant and suggestions for further 
research are made. 
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I. INTRODUCTION 
One of the major problems of concern to the soils engineer is pre-
dieting the amount of volume change or settlement which will occur in a 
soil when it is subjected to stresses. 
The study of the engineering behavior of soils has advanced from 
the theorized postulations of the pioneer investigators, to the present 
understanding of engineering properties, which are based on both 
theoretical relationships and emperical observations. 
The first early attempts to establish relationships between the 
behavior characteristics of various soil was based on the concept that 
~ 
the difference which occurs in the engineering properties of soil are 
caused by the mechanical behavior due to interparticle reactions within 
the soil mass. Karl Terzaghi, Arthur Casagrande and other early in-
vestigators in the field of soil mechanics recognized that the mechanical 
properties and behavior of cohesive soils are significantly influenced 
by the physico-chemical characteristics of the clay fraction. However, 
only in the past two decades have these physico-chemical properties of 
clays become well enough understood to serve as a means of explaining 
variations in engineering properties of cohesive soils. 
The consolidation characteristics of a soil are dependent to a 
large extent on the permeability and compressibility of a soil mass, 
which are in turn a function of the size, shape, and arrangement of the 
particles. With soils high in percentages of colloidal fraction, the 
amount and size of ions in solution have a decisive influence upon the 
effective size and arrangement (or structure) of particles. 
This research has been performed to evaluate the effect of soil 
structure on the consolidation characteristics of onyx cave clay. 
II. REVIEW OF LITERATURE 
A. Consolidation 
A change in the effective stress in a saturated soil will result 
in a change in void ratio accompanied by a change in water content. 
Terzaghi 1 made the statement that "every process involving a decrease 
of the water content of a saturated soil without replacement of the 
water by air is called a process of consolidation." This observation 
by Terzaghi lead to his theory of consolidation, which is a one-
dimensional method of computing settlement, based on the laws of 
hydraulics of fluid flow under pressure. 
Consolidation has been emperically divided into primary and 
2 
secondary phases, The accepted meaning of these terms are defined 
3 by ASTM. Primary consolidation is due principally to the expulsion 
2 
of water from the soil mass accompanied by a transfer of the load from 
the pore water to the soil solids. Secondary consolidation is due 
principally to the adjustment of the internal structure of the soil 
mass after most of the load has been transferred to the soil solids, 
Schiffman and Gibson4 enumerated some of the factors which control 
the magnitude and rate of consolidation of a compressible soil, subject 
to one-dimensional volume change. The amount of consolidation is a 
function of the compressibility of the soil structures alone, whereas 
the rate of consolidation is influenced by the viscosity of the pore 
water, the geometrical arrangement of the pore structure, and the 
compressibility of the soil structure. In addition to these, Crawford2 
considered the magnitude and rate of loading, and the distance pore 
water must move for the pressure to become dissipated, 
3 
Terzaghi and Peck5 recognized that the physico-chemical properties 
of the clay fraction effects the compressibility and other properties 
of clay soils. By exchanging sodium for calcium in a bentonite clay 
6 
soil solution, Bolt observed a change in the compression index and 
concluded that the compressibility of the soil mass depends upon the 
physico-chemical factors as well as the mechanical properties. The 
compressibility will be a function of the mineral nature of the clay 
and the electrolyte content of the system. 
In a clay soil the type of structure, dispersed or flocculated, 
has a considerable effect on the consolidation.7 Consolidation occurs 
in a dispersed structure, due to movement of parallel particles closer 
together, and some reorientation of random particles which may exist in 
a nearly oriented soil structure. The double layer acts as the effective 
contact area to resist stress, and the consolidation will depend con-
siderably upon the viscous effect of the absorbed water and the 
repulsive force between particles double layers. 
Consolidation of flocculated clay is controlled to a considerable 
extent by interparticle bonding and its resistance to slipping and 
reorientation between particles. The magnitude of consolidation will 
probably decrease with increasing load, since the particles are 
approaching an oriented structure. This will increase the contact area 
and the density of solids. 
Terzaghi suggested the linear spring analogy to simulate by a 
model, the hydrodynamic effect of consolidation which corresponds to the 
mathematical relationship developed from the law of hydraulics or the 
theory of heat diffusion. Leonards and Altschaeffl8 mentioned 
variations of Terzaghi's model, by using dash pots, sliders and combi-
nation of springs to simulate compression-time curves which have been 
4 
obtained experimentally or in actual field conditions . In their work 
with variable rates of loading, the model they devised produced 
compression time curves which corresponded to experimentally obtained 
curves. However, there was a difference between the time compression 
curves and the pore pressure-time curves. They concluded that an 
incorrect correlation between laboratory and field values of 
coefficients of consolidation could result. 
Consolidation could also be simulated by an electrical diffusion 
method, which is basically synonymous to the Terzaghi's heat diffusion 
7 
method. Scott also discusses a non-linear electrical or hydraulic 
process for predicting non-linear consolidation, but admits that these 
processes may be quite involved from both a practical and financial 
standpoint. Most of the time-compression curves could be simulated but 
for practical purposes Terzaghi's analogy is sufficient to give an 
approximate, if not an exact, correlation between laboratory and field 
conditions. 
The previously mentioned factors which affect consolidation and 
methods which simulate consolidation, are related mostly to the pore 
water dissipation phase (primary phase) • 2 Crawford suggests that the 
magnitude of consolidation could depend to a significant extent on the 
amount of secondary consolidation exhibited. Secondary consolida tion 
may be due either to a continuous yielding or sliding of clay platelets 
at their points of contact, or to the gradual flow of water which is 
weakly bonded to the clay particle. When secondary consolidation is 
significant it could have a considerable affect on the amount of 




The magnitude of settlement of a clay layer is estimated by an 
equation which contains a compressibility index. This index is the 
slope of the straight line portion of a void ratio-log10 load curve. 
If flocculated and dispersed soil suspensions are allowed to sediment, 
the void ratio of the flocculated soil will be greater than that of the 
dispersed. When the deposits are subjected to increasing effective 
stress, the void ratio will remain higher for the flocculated soil up 
to high stresses when the curves of the two soils becomes indistinquish-
7 10 
able. Schmertmann made the statement that "consolidation curves for 
samples with all degrees of disturbance merge together at a void ratio 
equal to approximately forty percent of the initial void ratio. Peck, 
11 Hansen and Thornburn illustrate a method for determining the 
compressibility index for soils which are slightly disturbed or remolded, 
in which they assume the void ratio-log10 pressure curves come together 
at the point of zero void ratio. The void ratio-log10 pressure curves 
illustrated by Scott resemble those for a soil with various degrees of 
disturbance, and the curves should approach each other. If this is the 
case, then the value of C will be different indicating an effect of 
c 
structure on void ratio-log10 pressure curves. 
B. Structure 
d . G . 12 h 1 . 1 f d Accor ~ng to r~m t e c ay m~nera structures are orme from two 
fundamental building blocks; the silica tetrahedral unit and the alumina 
octehedral unit. The silica tetrahedral unit consists of a silica atom 
surrounded by four oxygens or hydroxyls in a tetrahedral configuration. 
The tetrahedrons are arranged in a sheet structure with the silica in a 
common plane, and the oxygen and hydroxyls in a common plane each, on 
either side of the silica plane. 
6 
The octehedral unit is composed of cations which are aluminum, 
iron, or magnesium atoms surrounded by six hydroxyls, in an octehedral 
configuration. Octehedral units are combined in sheets which consists 
of a plane of cations bounded on either side by a plane of hydroxyls. 
The clay minerals are composed of sheets, layers, tubular con-
figurations, or combinations of these unit sheets. The type of clay 
mineral depends upon the combination of the unit sheets which forms 
the mineral sheet, and the isomorphous substitution which has occurred 
in the sheets. 
The clay fraction is usually defined as that part of the soil 
material which has an equivalent stokes diameter of less than two 
microns. This definition is useful because it is the size below which 
the particle begins to exhibit colloidal behavior. The behavior of a 
colloid particle is determined by electrostatic forces which are 
regulated by the electrostatic charge on the surface of particles.14 
13 Taylor expressed the accepted belief that colloidal material 
carries a permanent negative charge which is associated with the 
mineral. The amount of charge varies with the amount and type of 
minerals present, and is measured by the ion exchange capacity of the 
soil. 
Water is naturally associated with clay minerals, and the amount 
of water present substantially effects the behavior of the minerals. 
Water molecules, which behave like dipoles, are absorbed to each other 
and to the negative mineral surface by dipole moment. 15 The thickness 
of the dipolar water layer varies with mineral structure. The mineral 
influences the water in such a way that the bonds correspond to those 
in a solid state (ice). The viscosity of the absorbed water increases 
7 
with decreasing distances from the mineral, and the viscosity is 
different than that of water outside the influence of the mineral. 
13 Taylor lists three types of charge which cause a change in the 
overall charge of the clay mineral. One is the unsatisfied positive 
charge existing in the clay lattice due to isomorphous substitution. 
This is a permanent feature of the mineral independent of the sur-
rounding solution. However, the unsatisfied positive charges in the 
clay mineral strongly attract hydroxyls from the surrounding water, 
forming a negative surface charge. 
The other two changes which occur are dependent upon the ambient 
solution. The negative surface charge is increased due to dissoci-
ation of SiOH groups present at the edge of tetrahedral layers. The 
amount of disassociation increases with an increasing pH, above seven 
or eight. 
The formation of positive charged sites due to the adsorption of 
protons on the octehedral layer, causes an apparent decrease in the 
negative surface charge for a pH below 7. There is actually no change 
in the total negative charge of the particles, due to proton absorption, 
but the formation of strong attached positive sites decrease the cation 
exchange capacity which appears to lower the overall negative charge 
value of the particle. 
The predominate negative charge which exists at the surface of the 
clay particle has an attraction for available positive ion or cations 
present in the surrounding solution. The attraction for cations de-
creases as the distance from the surface increases, resulting in a 
decrease in the concentrations of attracted cations with an increase in 
distance from particles. 
Since the ambient solution is electrically neutral, the concen-
tration of positive ions in the presence of the particle surface must 
be balanced by an equal number of negative ions in the solution. At 
some distance from the surface the attraction for the cations by the 
surface particle and the negative ion solution becomes equal. 
A three dimensional plot of these points of equal attraction will 
form the outer limits of what is known as the diffused double layer. 
The double layer is made up of the rigid layer, which is the negative 
ions at the surface of the crystal, and the diffused layer of cations 
attracted by the rigid layer. 16 The thickness of the double layer 
8 
varies inversely as the square root of the concentration of counterions 
in the solution and inversely as the valence of the counterions. 
When two particles, in a suspension, are situated in a parallel 
position to each other, there will be no interaction between particles 
if they are more than the sum of their diffused layer thicknesses apart. 
However, when they are impelled to approach each other sufficiently, 
the like ions existing in the diffused layer will cause a repulsive 
force action between particles. The repulsion decreases approximately 
exponential with the distance of separation (Figure 1). The curve 
indicates that the repulsion is a function of the valence, concen-
tration, and size of counterions in solution. 
Van der Waal-London forces (which are forces of attraction due to 
an electric field interaction between molecules) will exist in a colloid 
system. The attractive force between two parallel clay mineral particles 
surrounded by water will depend essentially on the crystal structure of 
the mineral and the distance of separation, provided the electrolyte 
concentration is low. This also holds for non-parallel particles, 
Concentration increasing 
Distance between plates 
Figure 1. Exponential curves representing the repulsion 
force between surfaces as the distance varies)with 
different concentrations of an electrolyte.(7 
9 
because an average distance between particles determines the force of 
attraction. 
10 
The combined effect of repulsion and attraction forces between two 
particles, at some particle separation, results in a total force between 
particles equal to the sum of the previous mentioned forces. The net 
force will be either repulsion or attraction, and is a function of the 
distance between surface and the concentration of dissolved 
electrolyte7 (Figure 2). 
The structure of a cohesive soil will depend, to a large extent, 
upon the electrolytic properties of the water when it was deposited, 
or molded at a water content above the liquid limit. 15 If the large, 
monovalent sodium ions are present in the water, the clay particles 
attraction will form a large diffused layer, provided the concentration 
isn't sufficiently larger than the ion exchange capacity. The large 
diffused layer will result in a net repulsive force between particles 
(Figure lb). The particles will tend to separate or disperse and the 
soil structure formed will be nearly oriented or dispersed. This is 
considered a face-to-face particle arrangement, separated by some 
portion of the diffused layer, with a considerable degree of parallelism. 
When smaller ions, ions of higher valency, or higher concentrations 
of larger ions are present in the water, the diffused layer will be 
reduced in size. This reduction in the diffused layer could cause the 
Vander Waal forces of attraction to predominate. Therefore, the particle 
will be drawn together, with attraction forces sufficient to cause 
coagulation or flocculation of clay-water particles. The flocculated 
structure is a non parallel particle arrangement with many particles 
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Figure 2. Curves of repulsion, attraction, and net 
forces between two parallel, closely spaced surfaces as 
a function of distance between surfaces and concentration 
of dissolved electrolyte.(7) . 
12 
The terms dispersed and flocculated are used to define the surface 
energy and the structure of a clay, in its natural particle position. 
A dispersed structure is considered to be a high energy clay (high 
repulsive potential) in a low energy position. Flocculated is a low 
1 . h" h . . 17 energy c ay 1n a 1g energy pos1t1on. Due to remolding or other 
disturbances the flocculated structure will tend to rearrange toward a 
7 low energy position, usually accompanied by a change in strength. 
The engineering behavior of cohesive soil depends on its structure 
as controlled by its mineral constituents, conditions of its de-
position, modification in pore water by leaching or percolation and 
. h" 7 1ts stress 1story. 
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III. MATERIALS AND EQUIPMENT 
A. MATERIAL 
The sample of soil was obtained from the floor of Onyx Cave located 
12 miles west of Rolla along, and approximately a mile north of U. S. 66 
Highway, near Boiling Springs Resort. The soil is a red, highly 
plastic, inorganic clay, which after drying has the mineral constituents 
and properties listed in Table I. 
The sample was prepared by first air drying, then breaking it down 
in a Lancaster mixer. That portion passing the number 40 sieve was 
selected for use. 
Chemical grade calcium hydroxide (Ca(OH) 2) and sodium hexameta-
phosphate (NA6(Po3) 6) available in local stores were used as the chemical 
additives. 
B. Equipment 
A modified Hogentogler consolidation apparatus was used for 
consolidation testing. The consolidometer rings are 1.95 inches in 
diameter and 0.500 inches in height. 
The lever system was modified by means of a counter balance system 
so the loading beam could be placed in contact with the loading rod and 
still maintain a near zero load on the sample. The modification 
consists of a pulley and counterweight system, which can be adjusted to 
counter balance the weight of the loading arms. This permits the 
application of small loads at a maximum loading position. As a r esult, 
both small and large stresses can be applied to the sample without 
changing the position of the sample along the loading beam. 
This was the only special equipment used and is shown in Figure 3. 
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TABLE I 
PROPERTIES OF ONYX CAVE CLAY 
Liquid Limit = 62.3 
Plastic Limit = 21.5 
Plastic Index = 40.4 
Shrinkage Limit = 15.9 
Activity = 0.50 
Specific Gravity = 2.70 
Primary Mineral Constituents Illite 
-
Chlorite 
Unified Classification = CH 
Hydrometer Analysis = 80% Clay 
Properties of the Onyx Cave Clay (Illite) prior to the introduction of 
additives . 
TABLE II 
PHYSICAL PROPERTIES OF TREATED SOIL 
Ca(OH) 2 Na6(P03) 6 
1% 3% 4/o 3% 10/o 
Liquid Limit 65.7 58.8 54.9 60 .4 59.1 
Plastic Limit 39.6 47.1 47 .3 23.5 22 .4 
Plastic Index 26 . 1 11.7 7.6 36.9 36.7 
Shrinkage Limit 18.2 39 .6 44 .9 12 .9 13.8 
Activity 0.33 0.15 0.10 0 .46 0.46 
Variation in properties of the soil for samples with the percentages o f 
additives shown. 
15 






Figure 3. Side view of the consolidometer in the counter 
balanced loading device. 
16 
IV. PROCEDURE 
Prior to starting consolidation tests, the specific gravity of the 
soil solids was determined. Varying percentages of calcium hydroxide 
(Ca(OH) 2) and sodium hexametaphosphate (Na6(P03) 6) were added to the 
soil to establish varying degrees of flocculated and dispersed structure. 
Some of the soil properties exhibited after introduction of the additives 
are listed in Table II. 
Samples of the soil containing one, three and four percent Ca(OH) 2 
and three and ten percent Na6(Po3) 6 , by weight of soil solids, were 
prepared at near equal moisture contents which were well above the 
maximum liquid limit of the group. The mixed samples were placed in 
containers, which would allow only slight moisture losses, for 
approximately 24 hours to establish a more uniform moisture content. 
The high moisture content should insure a more uniform clay-water 
mixture, reduce air voids, facilitate the establishment of a soil 
structure and perhaps produce results which are dependent more on 
physico-chemical, than mechanical properties. 
After the mixture had cured and visually appeared to have the de-
sired uniformity, a portion of the material was transferred to the 
consolidometer ring simultaneously with the selection of a repre-
sentative moisture sample of the material. Since the material was above 
the plastic range in moisture content it was necessary to mount the ring 
on the base before the material was placed in the ring. The calcu-
lations of the initial void ratio were made using the moisture con-
tent, the specific gravity of solids and the known volume of the ring, 
assuming the sample to be one hundred percent saturated. 
17 
Both the consolidation sample and the sample for moisture control 
determination were placed in a vacuum jar for several minutes to reduce 
the air voids in the consolidation sample . Since under vacuum the 
sample also loses some water the moisture sample was used as a control 
for determining corresponding initial moisture contents. On removal 
from the vacuum the excess material of the consolidation sample was 
carefully rrstruck off'' flush with the ring, and the remaining portions 
of the consolidometer assembled. 
After a set of four consolidation samples were prepared, the 
consolidometers were positioned in the loading apparatus for a 4 to 1 
loading ratio, with the counterweights adjusted so that the loading 
point was just in contact with the sample. Loading began at 1/32 
kg/cm2 and was increased in double increments to 8 kg/cm2 . The period 
of loading was sufficient to insure that the secondary consolidation 
range was reached. This required approximately three days for some 
samples. Each load change was made on all samples at the same time, 
plus or minus five minutes. After the last loading period was com-
plete, the sample was unloaded at a rate sufficient to permit swelling 
to accompany the rebound. 
At the end of the last rebound load, the samples were removed from 
the consolidometers, blotted and oven dried, using normal procedures. 
The decrease in moisture content and corresponding gain in strength 
due to consolidation, permitted the handling of samples and the ring 
without the confinement of the base. 
18 
V • EXPERIMENTAL RESULTS 
Dial reading-time curves were plotted on five cycle semi-logarithmic 
paper. A presentation of the dial reading - log10 time are shown in 
Figure 4a through 4i. 
Moisture contents of the consolidation samples before and after 
testing are tabulated in Table III. 
TABLE III 
INITIAL AND FINAL MOISTURE CONTENTS 
Sample Initial Moisture Content Final Moisture Content 
4% Ca(OH) 2 74.6% 61.1% 
3% Ca(OH) 2 76.8% 51.7% 
1% Ca(OH) 2 74.6% 43.0% 
3% Na6(P0) 6 74.5% 38.3% 
10% Na6(P03) 6 72.4% 33.0% 
Moisture contents before and after nine load increments from 1/32 kg/em 2 
to 8.0 kg/cm2 and unload in reverse order. 
The void ratios were calculated based on changes in sample height. 
The change in height was determined by the change in dial reading 3000 
minutes after the load was applied. The change in void ratio for re-
bound and swell were computed using the change in dial reading for each 
increment of load removed (no time limit) . Curves of void ratio versus 
log10 pressure, through the loading and unloading pressures used, are 
illustrated in Figure 5. An extension of the void ratio-log10 pressure 
curves for establishing a common point of intersection are presented 
in Figure 6. 
The Percentages of Consolidation were computed, based on 100% 
consolidation occurring at 3000 minutes, and plotted against log10 
pressure. Percent Consolidation - log10 pressure are illustrated in 
Figures 7a through 7i. 
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One hundred percent Theoretical Consolidation was determined from 
the dial reading - log10 time curves, or estimated in the case of low 
loads and high concentrations of Ca(OH) 2 , and plotted against log10 
pressure. This unusual plot presented in Figures 8a and b, illustrates 
a comprehensive comparison of time required to reach 100% consolidation 
for the various established structures. 
Values of C (coefficient of consolidation) and k (coefficient of 
v 
permeability) were computed and plotted as a function of log10 
pressure. These curves are presented in Figure 9 and Figures lOa and 
b, respectively. 
The slope of the secondary consolidation phase versus log10 
pressure is presented in an attempt to relate the various observed 
secondary slope to the degree of structure. These curves are illus-
trated in Figure 11. 
Whenever possible the curves, representing data obtained for the 
various samples, were plotted so that a comprehensive comparison could 
be made. This enabled an easier visual observation of trends which 
might exist due to the various structures. 
20 
VI. DISCUSSION OF RESULTS 
Minutes after the application of the first consolidation load, 
there was evidence of considerable differences in the consolidation 
characteristics of the various samples. As the loading sequences 
continued and dial reading - log10 time curves for the loads were 
plotted, the difference became more evident. Variations in the consoli-
dation characteristics of the various established soil structures were 
expected, based on the changes which have been observed in other 
properties of clay soils subjected to variations in the electrolyte 
content. The changes in consolidation characteristics became even 
more apparent as the data compilations progressed. 
The dial reading - log10 time curves vary considerably in 
appearance with the established structure (dispersed or flocculated), 
and the magnitude of stress for flocculated samples. The dial reading-
log10 time curves of the Na6(P03) 6 additives resemble curves which are 
rather typical for clay soils. That is, the slope of the curves in-
crease from a nearly horizontal slope, then decrease, accompanied by a 
considerable time lag. The various stages of consolidation for these 
curves are also well defined. 
The dial reading - log10 time curves for the Ca(OH) 2 treated 
samples vary from a curve which is nearly a horizontal, straight line 
throughout, at low loads to a curve which initially has the slope and 
shape expected late in the primary stage of consolidation (a rather 
steep initial slope). The flat, nearly horizontal curve is observed in 
the two larger percentages of Ca(OH) 2 until a stress of sufficient 
magnitude to break down the structure is reached. Once this stress is 
reached, the curves make a transition from being horizontal to one 
21 
having a rather steep initial slope. The curves for the 1% Ca(OH) 2 are 
similar in shape throughout to the shape of the curves for larger 
percentages of Ca(OH) 2 after the beginning of the transition. This 
indicates that the samples treated with only 1% Ca(OH) 2 experienced 
structural breakdown at the onset of loading. The slope of the nearly 
horizontal curve increases with decreasing percentage of Ca(OH) 2 and 
the stress required to get a noticeable dial reading change increases 
with increasing Ca(OH) 2 • This is evidence of the degree of structure 
established. 
Since the difference in the samples are the results of the 
additives introduced, the difference in shape of the dial reading -
log10 time curves for the various additives, can be attributed, either 
directly or indirectly, to the structure established in the soil. As 
pointed out by Scott(7) the flocculated soil should be more sensitive 
to loading since it exists in a high energy configuration. However, 
he does not explicitly point out the fact, which is evident for the 
larger percentages of Ca(OH) 2 that a sufficient load must be reached to 
cause this movement or reorientation of particles. The load required 
to cause this reorientation or collapse of structure is related to the 
degree of flocculation, As the percentage of Ca(OH) 2 additive in-
creases the absorbed layer becomes smaller thereby increasing the 
Van der Waal forces of attraction between particles which results in 
the establishment of a flocculated structure. Therefore, with in-
creasing percentages of Ca(OH) 2 a higher external stress is required 
to overcome this interparticle structural strength and cause 
significant changes in dial readings. To supplement the attraction 
between particles, which increases with electrolyte concentration, the 
resistance to reorientation is also increased due to forcing the 
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particles together with the external stress. Again, structure 
collapse will occur when the rate of loading is larger than the rate 
of increase in interparticle strength, and stress due to applied load 
will eventually overcome the strength. The relative load of collapse 
is more evident in the void ratio - log10 pressure curves which show a 
comprehensive relation between the change in dial readings (indirectly) 
with loads. 
As previously mentioned, the soil containing one percent Ca(OH) 2 
dial reading - log10 time curves, did not exhibit the horizontal 
straight curve through a loading period for even the lowest loads. 
Since this is a weak flocculated structure, the particle system 
apparently never attains sufficient strength to resist the structural 
collapse. The absorbed water layer is larger for the one percent 
Ca(OH) 2 than for three and four percent which explains the inability 
of the particles to develop a sufficient magnitude of interparticle 
attraction to form a strong structure. With the presence of this 
larger absorbed layer, an application of stress results, for the most 
part in a rearrangement of particles almost immediately; rather than a 
movement of the particles edges and basil surfaces closer together which 
would result in and increase in shearing strength as in higher electro-
lyte concentrations. So, throughout the loading periods, the 
application of loads caused a continuous rearrangement of the particles 
which could not maintain their orientation, resulting in a noticeable 
change in dial reading. The shape of the dial reading - log10 time 
curves for the samples containing Ca(OH) 2 resembles the curves for 
samples containing Na6(P03) 6 , except that they have a much smaller time 
lag at lower stresses. However, as the loads increase the curves 
become steep initially, but eventually returns to the shape exhibited at 
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low loads. This suggests that the interparticle strength at smaller 
loads was on the verge of resisting the loads. As loads increased the 
particle configuration and bonding offered only slight resistance to 
deformation due to loading. However, as rearrangement of particles 
continued with stress, a more stable position was reached which 
possibly caused some time lag in pore pressure dissipation and also a 
decrease in compressibility of the soil structure, which could explain 
the return to the initial horizontal slope for the one percent Ca(OH) 2 
samples, at larger loads. 
The dial reading - log10 time curves for the two percentages of 
Na6(P03) 6 used were surprisingly similar in shape. The position of 
the curve for the sample treated with Na6(P03) 6 (excess concentration 
of electrolyte) was always below the curve for the sample containing 
three percent Na6(P03) 6 • This relationship appeared rather unusual 
since the high concentration of Na+ ions with the ten percent 
additive appeared to create a weakly flocculated structure in pre-
liminary investigations. This would be expected due to the reduced 
diffused layer existing with an excess electrolyte concentration. 
Therefore, the dial reading log10 time curves, as well as other 
relationships for this sample, were expected to be similar in appearance 
to the weak flocculation created by the one percent Ca(OH) 2 . 
There are some explanations for consideration which should be 
mentioned for the rather unexpected behavior of the ten percent 
Na6(P03) 6 sample. It is quite evident that there must be a considerable 
difference in the degree of flocculation formed by the ten percent 
Na6(P03) 6 compared to the one percent Ca(OH) 2 , since their curves are 
not comparable. However, the dial reading - log10 time curves for 
both Na6{P03) 6 samples are similar. An explanation might be that the 
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structural orientation caused by a high concentration of Na+ sample is 
similar to the structure of the dispersed sample, which is a weakly 
flocculated condition. The diffused layer of the particles in the 
sample containing an excess Na+ concentration is smaller than in the 
dispersed sample, but evidently not sufficiently small enough for 
Van der Waal forces to cause strong flocculation. 
Since the Na6(Po3) 6 samples have approximately equal initial 
moisture contents, there should be more free moisture in the ten 
percent sample due to the probable decrease in number of attracted ions 
and their associated water. There is also a higher initial permeability 
present in the sample with excess Na+ ions which indicates a more open 
structure. The combined effect of more free water and higher perme-
ability results in an increased magnitude and rate of consolidation 
(dial reading - log10 time) for the ten percent Na6(P03) 6 sample 
compared to the three percent. However, when most of the free water is 
dissipated, the relative amount of dial reading change with a given 
stress for ten percent Na6(P03) 6 decreased compared to the three 
percent. The total magnitude of change in sample height for the 
dispersed soil never is as great as the change in sample height with 
excess electrolyte for the loading cycles used. 
The void ratio - log10 pressure curves provide a more comprehensive 
understanding of consolidation characteristics with stress, for the 
various samples tested. The differences for the Na6(P03) 6 treated 
samples as previously mentioned, can be readily observed as the 
relative distance between curves first increases and then decreases. 
It should also be noted that the original void ratios for the two 
samples before loading were almost equal. The void ratio value at the 
end of the first load is considerably less for the excess electrolyte 
sample. This supports the opinion that more free water exists around 
particles, which can be expelled easily when subjected to the initial 
stress. 
The void ratio ~ log10 pressure curves for the samples with 
Na6(P03) 6 exhibit a reversal in the curvature. This is probably 
attributed to the viscous layer of water surrounding the particles. 
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The reversal begins when the load is of sufficient magnitude to begin 
driving the water from the absorbed layer. The reversal or relative 
decrease in void ratio with pressure along a curve is greater for the 
high electrolyte sample, than for the dispersed, due to the compressed, 
more strongly h~ld diffused layer. 
The void ratio - log10 pressure for the Ca(OH) 2 treated soils 
vary from a curve which is typical of a preconsolidated soil to that 
typical of a remolded soil. The void ratio - log10 pressure curves for 
the samples containing larger percentages of Ca(OH) 2 resemble 
preconsolidated curves. This is due to the small change in height of 
sample during loading until a collapse in structure occurs. It also 
suggests that the strongly flocculated soils are capable of resisting 
loads similar to the capacity resulting from preconsolidation. 
The sample containing four percent Ca(OH) 2 has a smooth void 
ratio - log10 pressure curve with a uniform transition during the 
collapse of the structure. The three percent Ca(OH) 2 curve had a very 
sharp break when the interparticle strength was overcome, followed by a 
slight reversal in curvature. It is believed that the sharp changes in 
slope of the curve occurred because the load preceding collapse was 
just insufficient to cause reorientation, and the load which caused 
collapse far exceeded the necessary load. This same shape could have 
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probably occurred in the four percent Ca(OH) 2 had the structural 
strength and pressure reached the similar critical combination. The 
slight reversal of the three percent curve may be the result of a 
dynamic disturbance effect created by the rapid collapse in structure, 
which is overcome with succeeding loads. 
The void ratio - log10 pressure curves for the one percent Ca(OH) 2 
sample resembles a curve typical for a completely remolded soil. All 
the points were on a smooth curve, except two. These points were 
positioned below the curve, and were ppssibly the result of structure 
collapse. 
An extension of the void ratio - log10 pressure curve was made in 
an attempt to establish a point of intersection for the curves (Figure 
6). No specific point of intersection could be determined, however, 
the curves did appear to approach each other in a range of from 
twenty-two to thirty-four percent of the initial void ratio. A more 
accurate determination of a point of intersection for the curves could 
be determined, if such a point exists, if the sample could be subjected 
to loads considerably greater than were possible in these tests. The 
reliability of the range established is questionable but it does fall 
. (10) (11) between zero and forty percent as prev1ously suggested. 
The Cc values obtained from the void ratio - log10 pressure curve 
of actual loading vary significantly from the calculated values using 
the relation between liquid limit and C .C6) The closest comparison of 
c 
the Cc values occurred with the one percent Ca(OH) 2 sample as seen in 
Table IV. An attempt was made to use the slope of a line drawn from 
the zone of intersection of the curves to a tangent to the original 
curve, as the C value. The values found in this manner compared 
c 
favorably to the calculated value for the Na6(P03) 6 samples, with no 
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such correlation was found for the higher percentages of Ca(OH) 2 samples. 
A tabulation of the C values found by various methods are shown in 
c 
Table IV. A comparison of the values shown in Table IV suggests that 
reliable values of Cc can be obtained from the equations for Na6(Po3) 6 
treated soil and the soil treated with 1% Ca(OH) 2 . However, if the 
maximum stresses to which a soil is subjected are of a magnitude 
comparable to the maximum testing stresses used, then the calculated 
Cc values for the Na6(P03) 6 treated soil would be considerably lower 
than values obtained from the curves. Therefore, the calculated and 
curve values of Cc are comparable only for one percent Ca(OH) 2 , but 
could also be comparable for Na6(P03) 6 soils if the magnitude of 
loading is large. 
Curves of percent consolidation - log10 time were similar in 
appearance to the dial reading log10 time curves, as expected, except 
for some curves of the higher percentages of Ca(OH) 2 • Curves of 
strongly flocculated samples appeared to have no definite shape until 
a collapse of the structure occurred. This was disturbing at first, 
but it must be kept in mind that the very small dial reading change of 
the highly flocculated soil is plotted using the same percentage scale 
with the samples which exhibit considerable change in dial reading. 
Several readings may have been obtained before even a small change in 
dial reading occurred. Therefore, only after structure collapse and an 
increase in total dial reading has occurred is it possible for a smooth 
curve to be plotted. 
The percent consolidation - log10 time curves illustrate the 
relative amount of consolidation at some time after applying a given 
load. Curves of time for 100 percent theoretical consolidation - log 10 
pressure were plotted to give a comprehensive view of the time required 
TABLE IV 
VARIATIONS IN COMPRESSION INDEX WITH PERCENT ADDITIVE AND METHOD OF DETERMINATION 
(a) (b) (c) (d) 
Cc from e-log1oP C from e-log1 P 
Sample c = .009(t1L1-lO) c = .007(L1L1-lO) curve (load less cSrve (using s~ope c c than 8 kg/cm2) from extension) 
4% Ca(OH) 2 0.403 0.312 0.525 0. 780 
3% Ca(OH) 2 0.439 0.342 0.770 0.710 
1% Ca(OH) 2 0.501 0.390 0.413 0.413 
3% Na6(P03) 6 0.453 0.315 o. 716 0.410 
10% Na6(P03) 6 0.442 0.310 0.587 0.370 
Values of C obtained for the samples using various methods of determination. (a) and (b) were 
c 
calculated using the equations shown. (c) determined from the slope of the e-log10 . P curves 
within the range of loading and (d) determined from tangent to curves through the common point of 




to reach 100 percent consolidation for the various samples throughout 
the loading sequence. The accuracy of the strongly flocculated curves 
can be questioned because the locus of the points of 100 percent 
theoretical consolidation are uncertain at loads below those required to 
cause collapse of the structure. The sixty minute point (peak point) 
on the four percent Ca(OH) 2 curve could very well be due to changes in 
the rate of creep in the secondary phase rather than a point of one 
hundred percent consolidation. This point appears to be too high com-
pared to other points of the curve. 
In general, the curves in Figures 8a and 8b show that the relative 
time required to reach one hundred percent consolidation is much lower 
for flocculated samples than dispersed samples. For the flocculated and 
dispersed structures there also seems to be a definite relation between 
the magnitude of stress and the stress at which the time for 100% 
consolidation is maximum. 
The coefficient of consolidation is an inverse function of the rate 
of consolidation. From the equation: c 
v 
= T H2 
v 
tso 
it can be seen that 
the time for fifty percent consolidation is a significant factor 
(considering slight changes in H) in determining c • As the time for 
v 
fifty percent consolidation increases the value of c will decrease. 
v 
The curve of coefficient of consolidation - log10 pressure for the 
various samples indicates that the values of c increases when changing 
v 
from a dispersed to a strongly flocculated structure. 
The coefficient of consolidation vs. log10 pressure curves have 
individual trends which are uniform in appearance, except for the one 
percent Ca(OH) 2 sample. The non-uniform shape of the curve for this 
sample is due to the variations in t 50 which probably are related to the 
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weak structure of the sample. The time for 50% consolidation corresponds 
to the time required to obtain a dial reading midway between n100 of the 
dial reading - log10 time curve for a given stress and the n100 from the 
curve for the proceeding stress. The value of t 50 can vary considerably 
depending on the percentage of dial reading change which has occurred 
before a plot of the dial reading - log10 time begins. If the initial 
change in dial reading is large then the value of t 50 will be small 
compared to a smaller initial change of dial reading. This initial 
change in dial reading can probably be related to the initial 
resistance of weakly flocculated soil when subjected to an increase in 
stress. Of course, a decrease in t 50 relative to the preceding and 
succeeding load will result in a nonconformity in the cv - log10 
pressure curve. The initial points of the highly flocculated cv - log10 
pressure curves were plotted assuming one-tenth of a minute as the 
maximum value of t 50 , since fifty percent consolidation occurred prior 
to the first dial reading (0.1 minutes). Therefore, the accuracy of 
these points are again questionable. Nevertheless, the general trend 
which can be recognized from the curves of coefficient of consolidation -
log10 pressure for the samples containing various additives, is that 
the strongly flocculated samples have a c value in the order of ten 
v 
times greater than the sample treated with 1% Ca(OH) 2 and a one thousand 
times greater than the samples treated with Na6(P03) 6 . 
The variations in t 50 which cause a change in the coefficient of 
consolidation are influenced by the permeability of a soil. Coefficients 
of permeability - log10 pressure curves exhibit a relationship between 
the flocculated and dispersed samples which was generally expected. The 
range in the values of coefficients of permeability (k) for the Ca(OH) 2 
samples are approximately fifty times larger than those for Na6(P03) 6 
soils. The Na6(P03) 6 curves exist in an expected relation to each 
other (k values are larger for ten percent). However, the relative 
position of the Ca(OH) 2 curves to each other, are unexpected because 
the coefficients of permeability were expected to increase with an in-
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creasing percentages of Ca(OH) 2 additive. Possibly the computed values 
of c are not valid, (7, 8) or the difference in change in void ratio 
v 
(indirectly used to compute k) for different pressures could explain this 
lack of conformity. The shape of all the curves were inconsistent with 
the known fact that the coefficient of permeability decreases with an 
increasing load. 
Total consolidation may depend upon the magnitude of the secondary 
consolidation.C2) The slope of the secondary consolidation portion of 
the dial reading - log10 time curve will determine the secondary 
contribution to total settlement with time. Curves of secondary slope -
log10 pressure suggest definite trends. The slope of secondary in-
creases with decreasing structure. The curves for Na6(P03) 6 treatment 
show an increase then decrease in slope, while the curves for Ca(OH) 2 
treatment indicate a continuous increase in slope with load. The Ca(OH) 2 
have a slight decrease in slope at the end of the loading used, 
depending on the degree of flocculation. 
The three percent Na6(Po3) 6 reaches its peak slope prior to the 
ten percent. An explanation of this is attempted. Initially the slope 
is small because most of the free water (not held by particles) or 
slightly held water, is expelled prior to secondary consolidation, and 
the slight secondary is due to particle or held water creep. As loading 
progresses most of the weakly held or free water is expelled. The more 
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strongly absorbed, highly viscous water remains and is not completely 
dissipated during the primary phase. Thus, a steep secondary curve 
results due to the slow dissipation of the water which is still supporting 
a significant portion of the load. The slope of the slope of secondary -
log10 pressure curve will begin to decrease when the water surrounding 
the particles is decreased so that most of it is strongly held by the 
particles. The difference in the load for a peak point between the two 
curves is probably attributed to the difference in the size of the 
absorbed layers or the amount of free water present initially. More 
compression of the soil structure would have to occur before the 
additional free water is dissipated. The fact that the ten percent 
sample goes to a high value of secondary slope rapidly, then remains 
constant before it continues to a peak probably can be related to the 
high viscosity of the free water due to the higher concentration of 
electrolyte in the water. 
The general increase in slope of secondary for the Ca(OH) 2 is 
probably due to particle creep, which many observers consider to be the 
true explanation of secondary consolidation. This set of curves indicates 
that the dispersed, higher energy, structure soils will exhibit more 
secondary consolidation than the flocculated soil. Therefore, structure 
is apparently not the primary cause of secondary consolidation. 
VII • CONCLUSION 
The purpose of this investigation was to attempt to establish 
relationships between the consolidation characteristics of Onyx Cave 
soils which have been treated with one, three and four percent Ca(OH) 2 
and three and ten percent Na6(P03) 6 additives. The results of 
consolidation tests on these samples leave room for little doubt that 
there are significant variations in the consolidation characteristics 
of the samples caused by the soil structure. In general, the rate and 
magnitude of consolidation appears to increase with a decrease in the 
degree of flocculation. This statement should be accompanied with the 
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reminder that the excess concentration of Na6(P03) 6 evidently reduces 
the absorbed layer, but not sufficiently to cause a significant degree 
of flocculation. Therefore in the ten percent Na6(P03) 6 treated 
samples the reduced water film increased drainage to cause the 
corresponding increase in consolidation. 
As was expected, the permeability of the soil increased with an 
increase in the degree of flocculation. The variation in the 
coefficient of permeability of individual samples with increasing load 
deviated from the expected continuous decrease, especially at low 
loads. This might be related to the method of obtaining coefficients 
of consolidations which are in turn used to calculate k. 
At sufficient loads there is a definite collapse or reorientation 
of particles in the case of strongly flocculated samples. The magnitude 
of load required to cause collapse evidently increases with an increase 
in the percent of Ca(OH) 2 additive. Undoubtedly this increase does have 
'a limit. There also appears to be an effect which is rather dynamic in 
t 
~nature, associated with the load required to cause collapse and the load 
applied. 
The slope of the portion of the secondary consolidation curve 
increases, for the most part, with increasing load for the Ca(OH) 2 
treated samples. The Na6(P03) 6 treated samples exhibit an increase 
then decrease in the slope of secondary which is probably related to 
the effect of load in combination with viscous resistance. The 
Na6(P03) 6 treated samples always indicate more secondary consolidation 
than the Ca(OH) 2 samples. 
Since the properties of samples vary with the type and percentage 
of additive, the differences in the consolidation characteristics of 
the treated samples can be attributed to the changes in the structure, 
or orientation of the particles, resulting from the introduced 
electrolyte. 
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RECOMMENDATIONS FOR FURTHER RESEARCH 
Based upon literature available and observation made by the 
author during the preparation of the thesis, it is believed that 
further research in the following areas would be beneficial. 
1. These tests should be reperformed using pore water pressure 
measuring devices, to keep a continuous check of the pore water 
pressure dis s ipation during loading. 
2. Additional studies should be made using different clay 
minerals and different chemical additives. 
3. Investigate the possibility of a correlation between the 
cation exchange capacity of soils and the corresponding consolidation 
characteristics. 
4. Perform cyclic loading tests to evaluate the influence of 
this on structural collapse in soil systems. 
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Figure 7g. Percent Consolidation - log10 time at a load of 2 kg/cm2 
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Figure 7h. Percent Consolidation - log10 time at a load of 4 kg/cm2 
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Figure 8a. Relation between time for 100% theoretical 
consolidation and log10 pressure for samples 
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Figure 8b. Relation between time for 100% theoretical 
consolidation and log10 pressure for samples 
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Figure lOa. Coefficient of permeability - 1og10 pressure 

















































Figure lOb. Coefficient of permeability - log10 pressure 
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Figure 11. Relation between the slope of secondary 
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